Generation of cloned adult muscular pigs with myostatin gene mutation by genetic engineering 
Introduction
Myostatin (MSTN), also known as growth and differentiation factor 8 (GDF8), regulates skeletal muscle tissue homeostasis by inhibiting skeletal muscle growth. 1,2 Homozygous knockout (KO) of MSTN in mice resulted in a marked increase in skeletal muscle mass, yielding the 'mighty mouse' phenotype. Naturallyoccurring non-functional mutations in the MSTN gene have been reported to cause increased muscling in cattle, [3] [4] [5] [6] sheep, 7 dogs, 8 and humans.
9
Important breeding strategies in commercial pig production include increased lean growth efficiency, reduced back fat, and an increased percentage of prime cuts in the carcass. Recent developments in custom endonuclease techniques, such as zinc-nger nucleases (ZFNs), transcription activator-like effector nuclease (TALENs), and the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPRassociated protein (Cas) 9 (CRISPR/Cas9) system, 10-13 appear useful in generating gene-edited pig breeds with such traits. Because loss of function of the MSTN gene has led to a double muscling phenotype in meat-producing species, including cattle [3] [4] [5] and sheep, 7 the MSTN gene was thought to be an ideal candidate for editing with recently available custom endonuclease techniques to determine the effect of loss of MSTN gene function on lean growth efficiency in pigs. One polymorphism in the MSTN promoter region has been shown to be associated with MSTN expression level and hypermuscularity in Pietrain pigs.
14 Since the rst report describing MSTN À/À boars in Nature News, 15 two groups reported the generation of MSTNmutant pigs using genome-editing techniques. 16, 17 These studies resulted in the generation of heterozygous MSTNmutant pigs and produced homozygous MSTN-mutant pigs by combining natural breeding 16 and MSTN-knockout pigs that died within 4 days aer birth. 17 There is no report regarding the production of sexually matured adult homozygous MSTNmutant pigs.
This study describes the methods used to produce MSTN À/À male pigs with a genome-editing technology in combination with somatic cell nuclear transfer (SCNT). We have successfully generated 18 live homozygous MSTN-KO boars. Molecular tests proved the functional disruption of MSTN. These MSTN KO pigs exhibited muscle hypertrophy, over grown skeleton muscle and decreased fat mass, which duplicated the double muscling (DM) phenotype.
Experimental
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TALEN design and construction
To induce DNA double-strand breaks in the MSTN locus, a potential transcription activator-like effector nuclease targeted site with a preferred conguration of 20-bp (le TALEN binding site) 12-bp (spacer) 20-bp (right TALEN binding site) within exon 1 of the swine MSTN gene was identied (Fig. 1A) . TALEN expression vectors composed of TALEN repeat domains and a FokI nuclease domain containing a Sharkey RR or Sharkey DAS heterodimer mutation for the chosen target sequence were prepared via GoldenGate assembly as described. 18 Plasmids harboring the MSTN-targeting TALEN (MSTN-TALEN) expression vectors were also prepared as described. 18 To select cells containing TALEN-mediated mutations by magnetic separation, an episomal surrogate reporter containing the chosen target sequence was also constructed. 18 Plasmids encoding MSTNTALENs and the surrogate reporter used in this study were obtained from ToolGen (Seoul, South Korea). HEK293 cells were cultured in Dulbecco's modied Eagle medium (DMEM, HyClone) supplemented with 1% nonessential amino acids, 100 U mL À1 penicillin, 100 mg mL À1 streptomycin, and 10% fetal bovine serum (FBS, GIBCO, 10099-141). Surrogate reporter assays were performed by transfecting HEK293 cells and placing them in 48 well plates with plasmids encoding le and right MSTN-TALENs (50 ng each) and a surrogate reporter (100 ng). The expression of uorescent proteins was assayed 48 h later by ow cytometry.
Cell culture, transfection and selection
Porcine fetal broblasts (PFF) were established from a day 40 post-conception male fetus of mixed breed, as described. 19 PFFs were cultured for four passages in DMEM (HyClone) supplemented with 1% nonessential amino acids, 100 U mL 
Generation of fetuses and offspring by SCNT
Nuclear transfer was performed as described. 19 Briey, mature eggs showing the rst polar body were cultured for 1 h in medium supplemented with 0.4 mg mL À1 demecolcine and 0.05 M sucrose, with the sucrose added to enlarge the perivitelline space of the eggs. Treated eggs with a protruding membrane were transferred to medium containing 5 mg mL
À1
cytochalasin B (CB) and 0.4 mg mL À1 demecolcine, and the protrusions were removed with a beveled pipette. A single donor PFF cell was injected into the perivitelline space of each egg and the cells were electrically fused using two direct current pulses of 150 V mm À1 for 50 ms each in 0.28 M mannitol supplemented with 0.1 mM MgSO4 and 0.01% PVA. The fused eggs were cultured in NCSU-37 medium for 1 h before electro activation. These cells were subsequently cultured in 5 mg mL À1 of CB-supplemented medium for 4 h, followed by activation of the fused eggs by two direct current pulses of 100 V mm À1 for 20 ms each in 0.28 M mannitol supplemented with 0.1 mM MgSO4 and 0.05 mM CaCl 2 . Activated eggs were cultured in medium for 7 days in an atmosphere of 5% CO 2 and 95% air at 39 C. Cleavage and blastocyst formation were evaluated on day 2 and 7, respectively. Cloned embryos at the one-cell stage aer fusion or at the two-to four-cell stage aer a day of culture were transferred into the oviducts of naturally cycling gilts on the rst day of standing estrus. Recipient pigs to which 1st SCNT embryos had been transferred were euthanized at day 26-36 of gestation, and the fetuses were collected. These fetuses were used to conrm the MSTN mutations. The MSTN-KO fetuses were used to generate rejuvenated porcine fetal broblasts for the 2nd round of SCNT to produce boars. Pregnancy was assessed ultrasonographically on day 25. Cloned piglets were delivered naturally or by inducing labor with intramuscular injections of prostaglandin F2 alpha (Ningbo, China) on day 113 of gestation.
T7 endonuclease 1 (T7E1) assays and sequencing
T7E1 assays were performed as described. 20 Briey, genomic DNA was isolated using DNeasy Blood & Tissue Kits (Qiagen, Germany), according to the manufacturer's instructions. The region of DNA containing the nuclease target site was PCR amplied using the primers in Table 1 . The amplicons were denatured by heating and annealed to form heteroduplex DNA, which was treated with 5 units of T7E1 (New England Biolabs) for 20 min at 37 C and electrophoresed on agarose gels. To conrm the mutation introduced by TALEN to a target allele, PCR amplicons spanning the target sites were puried using aGel Extraction Kits (Macherry-Nalgen, Germany) and cloned into the T-Blunt vector using T-Blunt PCR Cloning Kits (SolGent, Daejeon, Korea). The cloned inserts were again amplied using the same primers and sequenced.
Western blot assays
Biceps brachii muscle samples were homogenized in RIPAbased lysis buffer (Millipore, USA) containing complete EDTAfree protease and phosphatase inhibitor cocktails (Roche, Germany). Lysed samples were centrifuged at 13 000g for 10 min at 4 C, the supernatants were collected, and their protein concentrations were determined using a Pierce micro protein assay kit (Thermo Fisher Scientic). Proteins were subsequently separated by SDS-PAGE and blotted onto nitrocellulose membranes (Bio-Rad Laboratories, USA), as described. 21 The membranes were incubated with primary rabbit anti-MSTN (1 : 1000 dilution; Sigma-Aldrich) and anti-GAPDH (SigmaAldrich) antibodies. Band intensities were estimated by densitometry, with MSTN band intensity normalized to GAPDH band intensity in the same sample.
Immunohistochemical and histochemical staining of muscle
Immediately aer slaughter, samples of the longissimus dorsi and biceps femoris muscles were immersed in 4% paraformaldehyde solution for 24 hours and transferred to 70% ethanol. Sections were embedded in paraffin and rehydrated in PBS prior to antigen retrieval in citrate buffer (1.8 mM citric acid, 8.2 mM sodium citrate, pH 6.0). The sections were washed twice with PBS, endogenous peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide for 5 min, and the and incubated for 1 h with biotin-labeled goat anti-mouse IgG (SA1021, Boster) prior to extensive washing with PBS and visualization with DAB. Basic muscle morphology was assessed by H&E staining of samples according to standard protocols. Gum was used to mount the samples. Digital images were captured at 200Â magnication using a Leica DM5000B microscope. Six sections of 50 contiguous myobers for each muscle were circled, with an average of 300 bers evaluated for ber crosssectional area and diameter. Data were analyzed using Image J soware (NIH).
Hematoxylin and eosin staining of adipose tissues
Fat pads from wild-type and MSTN À/À pigs were xed in 10%
formalin for 24 h at room temperature and dehydrated in an automated tissue processor. The fat pads were embedded in paraffin, sectioned at 5 mm, deparaffinized, rehydrated, and stained with hematoxyl in for 5 min. The sections were rinsed in running tap water and stained with eosin for 4 min. H&E-stained sections were dehydrated and mounted. Images were captured using a Leica DM5000B microscope.
Statistical analysis
Data are presented as the mean AE SD and are derived from at least three independent experiments. Groups were compared using Student's t tests, with P values <0.05 considered statistically signicant.
Results and discussion
Characterization of MSTN-targeting TALENs and validation of activity
The activity of constructed TALENs was evaluated using a surrogate reporter system. In these assays, the induction of small indel mutations in the TALEN target sequence, inserted in front of the inactive eGFP and H-2K k cell surface reporter genes, can restore the expression of these genes, while mRFP is constitutively expressed independent of TALEN activity. (Fig. 1C) .
Additionally, to directly evaluate the extent of TALENinduced mutations, genomic DNA isolated from sorted and unsorted cell populations were subjected to T7E1 assays. PCR amplied a 257 bp band, whereas PCR products from cells transformed with MSTN-TALEN showed a cleaved band upon T7E1 digestion, conrming the presence of mutations in the transformed cells (Fig. 1D) . The MSTN mutation frequency was higher in magnetically sorted than in unsorted cells (38% vs. 25%, Fig. 1D ).
Production of MSTN-knockout fetuses by SCNT
PFF cells collected from males were transfected with MSTNTALENs and reporter plasmids by electroporation, and the transfected cells were enriched magnetically as described. H-2K k -positive cells expressing both RFP and eGFP (Fig. 2) were cultured for two additional days, and were used as donor cells in SCNT.
The competency of reconstructed embryos cultured in vitro was investigated by examining the development of blastocysts. The rates of blastocyst development (20.4% vs. 21.6%, P < 0.05) and the mean numbers of cells (36.7 AE 3.8 vs. 38.1 AE 8.1, P < 0.05) were similar in embryos reconstructed with transformed and non-transformed donor cells (Table 2) .
To produce MSTN-mutant fetuses, 428 cloned embryos with H-2K k -positive PFF cells were transferred into two surrogate mothers (R-19 and R-29). Five fetuses were surgically collected from R-19 aer 27 days of gestation, and nine fetuses (Fig. 3) were surgically collected from R-29 aer 36 days of gestation (Table 3) . Fibroblast cell lines from these fetuses were established, expanded, and cultured, with cells at an early stage of passage preserved in liquid nitrogen. In the current study, the MACS-separated fetal broblast cells were used in SCNT, with results indicating that the competence of reconstructed embryos derived from the MACS-separated fetal broblast cells did not differ markedly from that of untreated embryos, with a similar rate of blastocyst development and similar numbers of blastocysts. Furthermore, pregnancies were maintained for both surrogates implanted with reconstructed embryos derived from the MACS-separated fetal broblast cells, while other studies reported surrogate pregnancy rates of 36-90%.
12,16,17,23
Taken together, our results indicate that the surrogate reporterbased MACS is effective in selecting nuclear donor cells with nuclease-mediated gene modication.
Detection of mutations and genotyping of MSTN-mutant fetuses
The broblast cell lines from the 14 fetuses were analyzed individually by T7E1 assays and by sequencing PCR products covering the target locus. Mutations at the target locus (MSTN gene) were present in 8 of the 14 fetuses (57%; Table 3 ). Three fetuses (F1, F2, and 19-3) carried biallelic mutations and ve (F3, F5, F9, 19-1, and 19-4) carried monoallelic mutations in the MSTN gene. Among the fetuses with biallelic MSTN mutations, fetus F1 had a 1-bp deletion and a 1-bp insertion in one allele, and a 1-bp deletion in the other allele; fetus F2 had 2 and 4-bp deletions in the two alleles; and fetus 19-3 had a 4-bp deletion in one allele and a 164-bp insertion in the other allele (Fig. 4) .
Generation of biallelic MSTN gene knockout males by SCNT
F2 fetus-derived PFF cells carrying biallelic MSTN mutations were used as donor cells to produce MSTN À/À piglets by SCNT. A total of 646 cloned embryos were transferred to three surrogates in estrus, resulting in the delivery of 18 live and two stillborn piglets (Table 4) . At birth, these piglets were hardly distinguishable phenotypically from wild-type piglets. However, starting at 2 month of age, they showed visually-clear hypermuscular characteristics (Fig. 5) . DM pigs showed some healthassociated issues, including early death due to increased susceptibility to stress and umbilical hernia, although it was not clear whether these issues were associated with the MSTN À/À phenotype. Additional studies are required to determine how MSTN À/À in pigs affects their general health and production traits associated with animal physiology. Western blotting of muscle sample showed no expression of MSTN precursor in the mutant piglet from surrogate 3 sacriced at 1 month (Fig. 6 ). By contrast, MSTN precursor was present in a muscle sample of 3 wild-type control pigs of the same age. In generating MSTN À/À boars, we used a two-step SCNT method (recloning), in which fetal broblast cells derived from the 1st SCNT were the nuclear donors for the 2nd SCNT. Previous studies have shown that this recloning method is very efficient in generating animals, especially livestock, with targeted gene mutations. 24, 25 Compared with clonally selected transformed broblasts, fetal broblasts derived from the 1st SCNT have some advantages in the generation of gene-edited animals. Selection of nuclear donor cells with genetic modi-cations frequently involves drug treatment of cells in long-term culture. These cultures are inevitably at greater risk for cell exhaustion and senescence, 26 factors associated with chromosomal aberrations. eye muscle at the last rib of 46.3 cm 2 , and a back fat thickness at the last rib of 10.7 mm (Fig. 7) . In comparison, wild-type boars of similar weight showed the average carcass dressing percentage of 73.5%, cross-sectional area of the loin eye muscle at the last rib of 35.9 cm 2 , and back fat thickness at the last rib of 26.4 mm (Fig. 7) . The differences observed between MSTN Fig. 8B ), respectively. Type II ber distribution in the longissimus dorsi and biceps femoris muscles were also compared in 1-and 6-month-old MSTN À/À and wild-type pigs (Fig. 9A) . The percentages of type II myobers in the longissimus dorsi muscles were 87.5 AE 6.0% and 93.8 AE 6.0% in MSTN À/À pigs aged 1 and 6 months, respectively, compared with 64.0 AE 13.1% (P < 0.001) and 87.4 AE 5.8% (P > 0.05), respectively, in age-matched controls. The percentages of type II myobers in the biceps femoris muscles were 93.3 AE 4.5% and 91.5 AE 5.4% in MSTN À/À pigs aged1 and 6 months, respectively, but were 58.7 AE 5.8% (P < 0.001) and 58.7 AE 8.7% (P < 0.001), signicantly higher than those in age-matched wild-type pigs (Fig. 9B ). Mean adipocyte size was much lower in 6 month-old MSTN À/À than in 6 month-old wild-type boars (904.9 AE 372.0 vs. 4522.7 AE 154.6 cm 2 , P < 0.001, Fig. 10A and B), indicating that adipocyte hypertrophy was more suppressed in MSTN À/À than in control boars. As expected, the MSTN-KO piglets showed characteristics of the DM phenotype at birth, such as prominent muscular protrusion with intermuscular boundaries and clearly visible grooves, mostly in the proximal fore and hind quarter regions. These DM characteristics became more prominent as the piglets grew. One boar sacriced aged 6 months showed clear evidence of DM characteristics, including increased carcass dressing percentage, cross-sectional area and reduced back fat thickness compared with an age-matched wild-type boar. Nevertheless, the testes of 6 month-old DM boars were found to develop normally, allowing viable sperm to be collected from the caudal epididymis; these sperm were able to fertilize mature oocytes in vitro and articial inseminated for two estrus recipients and one of whom was pregnant delivered four healthy piglets (unpublished data). 
